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3Abstract – In this work we investigate the feasibility of a massively parallel self-mixing 
imaging system based on an array of Vertical-Cavity Surface-Emitting Lasers (VCSELs) 
to measure surface profiles of displacement, distance, velocity and liquid flow rate.   The 
concept of the system is demonstrated using a prototype to measure the velocity at 
different radial points on a rotating disk and the velocity profile of diluted milk in a custom 
built diverging-converging planar flow channel.  It is envisaged that a scaled up version of 
the parallel self-mixing imaging system will enable real-time surface profiling, vibrometry 
and flowmetry. 
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41. Introduction 
The behavior of a semiconductor laser diode with external optical feedback is a complex but well 
researched phenomenon.1,2 It is often seen as a hindrance in many applications since it can 
increase the intensity noise of the laser,3 but it is also the enabling process behind many 
applications.4,5 
The optical feedback is a result of the laser beam being partially reflected from an object 
back into the laser cavity.  The reflected light interferes or ‘mixes’ with the light inside the laser 
cavity and produces variations to the operating frequency and output power of the laser.  This 
process is commonly referred to as the ‘self-mixing’ effect and the resulting output power 
variations can be monitored as photocurrent fluctuations of the photodiode (PD) integrated with 
the laser package or by the change in the junction voltage across the laser diode.6 This 
phenomenon allows the laser to be used as both a source and detector and significantly reduces 
the cost and complexity of the interferometric sensing system.  The self-mixing phenomenon has 
been used for many constructive purposes that include linewidth reduction,7 measurement of 
target displacement,8 distance,9 velocity,10 angle11 and liquid flow rate.12,13 It has also recently 
found application in measurements of the laser linewidth14 and laser linewidth enhancement 
factor.15 The self-mixing effect has also been used to create 3D surface profiles of an object.  
Most of these demonstrations have employed scanning techniques where the laser beam is 
mechanically shifted across the surface of the object.16-18 
However, there are surprisingly few reports on parallel imaging systems using the self-
mixing effect.  The advantages of parallel detection over scanning methods are well known: 
higher frame rates and a higher signal to noise (SNR) ratio.  So far, only a rudimentary parallel 
self-mixing imaging system has been constructed with three commercial semiconductor lasers to 
5measure the speed and distance to different points on a rotating disk.19 While the number of 
points in the image can be increased by using an array of lasers and detectors, preceding infrared 
laser technology has hampered the development of a massively parallel self-mixing imaging 
system. 
With the advent of Vertical-Cavity Surface-Emitting Lasers (VCSELs) it is now possible 
to cost effectively manufacture a two-dimensional monolithic array of lasers.  In this article, we 
consider a massively parallel self-mixing imaging system based on an array of VCSELs.  We 
demonstrate, for the first time, the feasibility and advantages of this system by the successful 
operation of a small scale prototype consisting of eight individual VCSELs with integrated PDs 
to measure the velocity profiles of a rotating disk and a custom built diverging-converging flow 
channel.  A massive implementation of the system will be useful in many industrial and 
biomedical applications requiring real-time surface profiling and velocimetry. 
The paper is organized as follows: Section 2 describes how the self-mixing effect can be 
utilized to measure velocity and liquid flow rate; in Section 3 we describe in detail the proposed 
massively parallel imaging system; the feasibility of the system is demonstrated with the 
experimental setup described in Section 4 and the results are presented and discussed in Section 
5 along with a description of the plans for a massive implementation of the system; conclusions 
are drawn in Section 6. 
 
2. Self-Mixing Applications 
2.1 Velocity 
6The self-mixing effect occurs when the light emitted from a laser reflects from a target and is 
injected back into the laser.  To measure the velocity of a target, the output power waveform can 
be considered to be the result of coherent mixing inside the laser cavity of the lasing field and the 
Doppler-shifted light back-scattered from the target.  For the self-mixing configuration, the 
frequency shift of the incident light due to the Doppler effect is given by,12 

cos2 arg nvf ettDoppler = (1) 
where, vtarget is the magnitude of the target velocity, n is the refractive index of the surrounding 
medium, " is the angle between the target velocity vector and the longitudinal axis of the laser 
and # is the wavelength of the laser. 
The superposition of the laser light and the frequency shifted backscattered light leads to 
an intensity modulation of the laser at a frequency that is equal to the Doppler frequency 
calculated with Eq. (1).  However, the Doppler signal from a rotating target is randomly 
amplitude modulated by speckle effects, since the part of the target that is illuminated by the 
laser light continuously changes.20 This makes it difficult to employ peak counting techniques to 
determine the Doppler frequency.  However, the beat frequency of the output power waveform 
can be easily determined by detecting the peak frequency in the fast Fourier transform (FFT) 
spectrum of the output power, which is linearly proportional to the velocity of the target, as will 
be shown later in this article. 
 
2.2 Liquid Flow Rate 
7Light scattered from a moving particle is shifted in frequency by an amount determined by the 
Doppler effect as indicated by Eq. (1).  For a laminar flow of liquid, the velocity profile in a 
circular glass tube is parabolic, with the velocity increasing from zero at the boundary of the tube 
wall to a maximum value at the centre.21 The optical system collects light scattered from a 
number of different particles with different velocities, which leads to a distribution of Doppler 
shifts in the output power spectrum. 
For weakly concentrated scattering solutions and a suitable optical setup, a well defined 
peak appears in the FFT spectrum corresponding to the Doppler frequency of the moving 
particle.  This information can then be used along with the velocity profile of the flow channel to 
determine the flow rate of the liquid.  However, there is only one report of a well defined 
Doppler peak in the frequency spectra of the output power for the measurement of liquid flow 
rate using the self-mixing effect.22 
In general, a broad distribution of Doppler shifts is obtained in the frequency spectrum of 
the output power and peak detection algorithms can no longer be used to accurately measure the 
flow rate of the liquid.  The shape of the distribution is also complicated by the fact that in highly 
concentrated scattering solutions, such as blood or milk, there is a strong likelihood that a photon 
will be scattered by more than one moving particle before it travels back towards the laser.23 If a 
large number of these events occur then there is an increased number of higher order scattering 
events or multiply convoluted Doppler shifts.  As a consequence, there is no longer a single peak 
above zero frequency in the frequency spectrum of the output power and it is difficult to 
determine the velocity distribution.23 However, the spectrum displays a decay with a half width 
that is proportional to the scattering particle size and the mean speed of the liquid.13,23 
8In this case, the flow rate of the liquid can be determined by calculating the weighted 















where $ is the frequency of the output power spectrum S. In practical situations, the integration 
limits in Eq. (2) are reduced to a finite bandwidth, to eliminate errors from low frequency motion 
artifacts and high frequency white noise.  The calculation of the weighted moment then gives a 
result that is a proportional to the mean speed of the liquid, which can then be used to determine 
the flow rate of the liquid. 
Another signal processing method commonly used by many self-mixing researchers to 
ascertain the flow rate of a liquid involves the determination of a cutoff frequency in the 
frequency spectrum where the self-mixing signal spectrum intersects the spectral noise 
floor.12,22,24,25 This frequency is assumed to be equal to the maximum Doppler frequency in the 
distribution, which can then be used to determine the flow rate of the liquid. 
The flow rate can also be determined by fitting the frequency spectrum of the output 
power to an analytical function.  In this case, one of the fitting parameters for the analytical 
function is proportional to the flow rate of the liquid.  Different types of analytical functions 
have been used in different experimental setups based on the laser Doppler effect including the 
use of Lorentzian26 and exponential fitting functions27 to successfully measure the flow rate of 
the liquid.  So far, only an exponential fitting function has been used by Zakian et al to determine 
the flow rate of a liquid using the self-mixing effect.13 
93. Proposed Imaging System 
The previous section illustrates how the self-mixing effect can be used to take a measurement 
from a single point on an object.  This measurement principle can be extended to acquire an 
image of the surface profile by mechanically scanning the laser beam across different points of 
the object.16-18 However, the acquisition time for each pixel in the image must be long enough to 
achieve the desired SNR, which is directly proportional to the acquisition time for a shot-noise 
limited detection scheme.  If a large number of pixels are required for the image then the 
scanning operation precludes real-time image acquisition and measurement of rapid variations in 
the surface profile of the object. 
This limitation can be overcome with the use of ‘full-field’ or ‘parallel’ imaging 
techniques.  In these systems, the whole measurement area is illuminated by a light source and 
scattered light is detected with an array of PDs.  This allows simultaneous acquisition of data 
from every point on the measurement area and drastically reduces the image acquisition time 
compared to the scanning operation.  Parallel imaging systems also have a higher SNR for a 
fixed image acquisition time since the acquisition time for a single pixel can be much longer 
compared to scanning type imaging systems. 
In many parallel imaging systems, a single source of light is used to illuminate the whole 
measurement area.28-30 However, larger source powers are needed to adequately illuminate 
larger measurement areas, which can lead to safety concerns.  This can be countered by using a 
low power laser beam for each measurement point but this approach suffers from an increase in 
the complexity of the alignment of the optical system, which can make the size of the system 
large and expensive. 
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In this paper, we investigate the feasibility of a massively parallel self-mixing imaging 
system based on an array of VCSELs.  A drawing of a scaled down version of the proposed 
system is shown in Fig. 1.  This system is more compact and robust compared to other parallel 
imaging systems since each VCSEL is used as both a source and detector.  Therefore, this type 
of imaging system will be extremely useful in the obtrusive and remote environments that are 
commonly encountered in many industrial and biomedical applications. 
It is also possible that different embodiments of the system proposed in Fig. 1 can be 
employed.  On the one hand, it may be possible to use a different optical configuration such as a 
single macro-lens to focus the light from each VCSEL in the array on to the target.  This would 
reduce the size and complexity of the optical system and would also make the system more 
compact and robust. 
Another possibility is to discard the PD array entirely and monitor the self-mixing signals 
by the change in the junction voltage across each element of the VCSEL array.6 This would not 
only reduce the cost and size of the system but would also eliminate any misalignment or back 
reflections from the PD array.  This makes a voltage based self-mixing system extremely 
attractive. 
4. Experimental Setup 
To demonstrate the feasibility of the imaging system proposed in Sec. 3 we constructed a small 
scale prototype using eight individual TO-46 packaged single-mode Lasermate VCT-F85A32-
OS VCSELs with integrated PD arranged in a linear array shown in Figs 2(a) and (b).  The 
VCSELs were mounted in a custom made aluminum block with a pitch of 5.8 mm.  A separate 
block was constructed to mount eight plastic aspheric Konica T544C lenses (N.A. = 0.47, clear 
aperture 3.17 mm, focal length f = 3.38 mm), with the same pitch as that of the VCSELs [shown 
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in Fig. 2 (b)].  The lens block was attached to the VCSEL block so that the lenses were aligned 
with the VCSELs.  The VCSEL block was attached to a translation stage to facilitate the 
alignment of the VCSEL beams in the longitudinal and lateral directions. 
This setup was then used to measure the velocity profiles of a rotating disk and a custom 
made diverging-converging planar flow channel.  A mechanical drawing and photograph of the 
constructed flow channel is shown in Fig. 3 (a) and (b).  Fittings were attached to both ends of 
the flow channel to allow the connection of silastic tubing.  A Watson Marlow 101U/R peristaltic 
pump then forces diluted milk through the silastic tubing and flow channel at a predetermined 
flow rate.  The liquid passes through the cross section of the flow channel, as shown in Fig. 3, 
which was milled out of an aluminium block, and a microscope slide is clamped on top to allow 
the VCSEL beams to illuminate different points in the device.  The channel has a constant depth 
of 2.5 mm and a varying width profile, which is inversely proportional to the average velocity.  
The width of the channel changes from the entrance to form a diverging-converging section so 
that the average velocity decreases after the entrance followed by an increase back to the initial 
velocity at the exit. 
A block diagram of a single channel of the imaging system is shown in Fig. 4.  Each 
VCSEL has an individual driver circuit so that the current injected into each laser can be 
individually controlled.  The backscattered light from the target is collected by the collimating 
lenses and mixed with the light inside the corresponding VCSEL cavities.  The resultant 
fluctuations in the output power are detected by the integrated PDs, followed by a 
transimpedance amplifier and ac-coupler circuit for each channel to produce the high contrast 
self-mixing signals for the measurement points.  The output of each channel is sampled 
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simultaneously by a National Instruments 16-bit data acquisition card and sent to a PC for 
processing and display in LabView. 
LabView was also used to perform additional signal conditioning to the frequency 
domain signals, including the use of a 7-term Blackmann-Harris window.  The frequency 
spectrum for each channel was averaged 50 times and subsequently saved.  A total of 50 
averaged frequency spectra were recorded for further processing in Matlab to calculate the 
velocity measured at different points on the rotating disk or in the flow channel.  The velocities 
for the rotating disk were calculated using the peak frequency of the signal in the FFT spectrum 
and Eq. (1) and the mean speed of the liquid was calculated by the weighted moment of the 
spectrum in Eq. (2). 
The actual velocity of the spinning disk was measured by a stroboscope.  The velocity 
distribution in the flow channel was determined by a numerical simulation in the software 
package FLUENT.31 The simulation was performed with water as the flowing liquid so only a 
weakly concentrated scattering solution was used in the experiment, consisting of 1 part 
homogenised full cream milk to 50 parts water. 
 
5. Experimental Results and Discussion 
5.1 Rotating Disk 
In the first experiment, we measured the velocity at different radial distances on the surface of a 
rotating disk.  Each VCSEL is operated at the same bias current of 3.5 mA with the disk 60 mm 
away and the surface tilted at an angle of 79° with respect to the optical axes of the VCSELs.  
The FFT spectra obtained from a single point on the disk rotating at different speeds is shown in 
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Fig. 5.  Ignoring the strong peak at zero due to the dc offset of the signal, the peak frequency in 
the spectrum increases as the speed of the disk increases.  By blocking the light from different 
channels we also observed that there was no change in the FFT spectrum, which indicates that 
there was no noticeable crosstalk. 
The beams were aligned so that there were four beams on each half of the surface of the 
disk.  However, the system could not be perfectly aligned since the individual VCSEL chips 
were not perfectly centered in the TO-46 packages.  This fact was confirmed by a change of the 
spot position on the target when the corresponding TO-46 package was rotated in the optical 
mount.  To counter this problem, the VCSEL packages were fixed in one position and aligned 
approximately in a horizontal line.  An infrared camera was then used to determine the spot 
positions on a transparent target for a wide range of target distances, which was then used to 
calculate the angle that each beam makes with the target velocity vector.  With this information, 
we calculated the target velocity measured by each channel using the average VCSEL 
wavelength of 850 nm. 
The results in Fig. 6 show the actual velocity versus the measured velocity and the 
accuracy of the measurement for different radial points of the disk spinning at 26 rpm.  In these 
diagrams the negative sign for the radial distance indicates that the laser beam is from one half of 
the disk while a positive sign indicates the velocity is measured on the other half of the disk.  The 
velocity at the centre of the disk was not measured but the theoretical value of zero has been 
included to illustrate the correct velocity profile of the disk.  From this we can see that the 
measured profile corresponds closely to the calculated velocity profile of the rotating disk and a 
high level of accuracy is obtained.  We also include the results obtained for individual operation 
of each channel in these diagrams, which show that there is no noticeable change due to 
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crosstalk.  This suggests that the main source of error is from the alignment of the individual 
VCSELs within the package. 
 
5.2 Flow channel 
The system was then used to measure the velocity profile of the custom made flow channel 
described in Sec. 4.  Each VCSEL was operated at a bias current of 5 mA with the flow channel 
70 mm away and at an angle of approximately 87°. The beams were aligned along the centerline 
of the flow channel starting from the entrance of the diverging section to the exit of the 
converging section.  The dimensions of the channel allowed for 6 beams to be aligned along the 
centerline of the flow channel.   
Figure 7 (a) shows the spectra of the output power for a single channel at four different 
inlet flow rates ranging from 3.9 to 10 mL/min.  The width of the spectra is increasing with the 
velocity of the liquid.  We noticed the change in the width of the spectum when all channels are 
operated at the same time, as shown in Fig. 7 (b).  This indicates the presence of optical crosstalk 
in the experimental setup, an issue that needs to be addressed if the system is to be operated with 
all the VCSELs operating concurrently.   In some of the earlier self-mixing papers the possibility 
of interference between the channels is dismissed outright due to the coherent nature of the 
detection scheme.19,32 However, there is a weight of evidence that suggests injection locking in 
VCSELs can occur even for injection levels as low as 10-3 of the affected (slave) VCSEL 
power.33-35 This issue could not be thoroughly investigated using the current experimental setup 
since any generation of optical crosstalk in the system is compounded by the fact that the 
monitoring PDs have area larger than that of the VCSELs.  The commercial VCSEL hybrid 
integrated with the monitoring PD is shown in Fig. 8 (a).  The output light intensity is monitored 
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by reflection off the glass window of the package instead of the rear-facet of the VCSEL as 
shown in Fig. 8 (b).  The susceptibility of the PD to environmental light was also confirmed by 
the presence of a strong 100 Hz signal when the fluorescent lights in the lab were turned on.  To 
the best of our knowledge at the time of this writing there are no detailed theoretical nor 
experimental accounts of the effect of optical crosstalk in self-mixing sensors present in the open 
literature.  An investigation into the causes and effects of the optical crosstalk encountered in this 
study would require a system with a sensing architecture where the PDs are insensitive to 
environmental light.  This can be achieved by flip chip bonding a VCSEL to a PD and removing 
the substrate of the VCSEL36 so that the PD is insensitive to light from other channels.  
However, it represents a technologically challenging solution to the problem, with only one 
fabricated array device reported recently.36 Instead, the PD array can be discarded completely by 
monitoring the self-mixing signal with the change in junction voltage of each element in the 
VCSEL array.  This makes a voltage based VCSEL array self-mixing imaging system very 
attractive as it reduces the component size and cost and eliminates any misalignment or back 
reflections from a PD array.  However, further work is still needed to investigate the immunity of 
this sensing scheme to inter channel crosstalk and the feedback levels at which it may occur.  On 
the other hand, the potential effects of optical crosstalk with the monolithically integrated  
VCSEL array can be minimized by an optimized design of the optical system using an array of 
micro lenses.  A similar approach has already been successfully implemented for minimizing the 
crosstalk between channels in VCSEL based free-space optical-interconnects37,38 and the authors 
believe that this will lend the proposed system to a wide variety of sensing applications. 
To correctly measure the velocity profile of the flow channel, each VCSEL in the array 
was operated intermittently.  A calibration was first performed with a single channel to relate the 
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weighted moment of the output power spectrum to the velocity of the flow.  The weighted 
moments for different inlet flow rates from 3.9 to 10 mL/min for a single channel were 
calculated using Eq. (2) over a fixed frequency interval consisting of a low cutoff frequency of 
75 Hz, which was above the low frequency noise in the measured spectra, and an upper cutoff 
frequency of 1.45 kHz, which is the point where the spectrum decays to 3 dB above the noise 
floor for the smallest measured velocity.  These results are shown in Fig. 9 (a) and demonstrate 
that the weighted moment of the spectrum can be fitted to a quadratic function of the inlet flow 
rate.   
The local velocities at different points in the flow channel were computed by a 2D 
simulation of the flow channel using the software package FLUENT, and deemed as the 
calibration velocities.  For inlet flow rates ranging from 3.9 to 10 mL/min, simulations show that 
the velocities of the measured points are linear functions of the inlet flow rate.  Using the 
velocity of the calibration point from the simulation and the fitted quadratic function in Fig. 9 (a) 
an expression was developed to relate the weighted moment of the spectrum to the actual 
velocity of the measurement point.   
In another experiment performed by the authors, the spectrum of the self-mixing signal at 
this concentration of the scattering solution was found to be highly dependent on the target angle.  
Therefore, the weighted moment was also assumed to be proportional to the longitudinal 
component of velocity or vtargetcos in Eq. (1) in order to compensate for the misalignment and 
to correctly calculate the velocities measured by each measurement channel.  The measured 
velocities and the calibration velocities from the simulation along the centerline of the flow 
channel for an inlet flow rate of 3.9 mL/min are compared in Fig. 9 (b).  The measured profile 
and the simulated velocity profile exhibit a similar trend with discrepancies noticeable in the 
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middle of the flow channel.  Figure 10 compares the measured and the simulated 2D velocity 
profile of the flow channel.  The vertical (y) position of the flow channel was shifted with a 
translation stage to 5 equidistant points to simulate a line scanning operation.  The experimental 
velocity distribution displays a reasonable agreement with the simulated data.  The difference 
between the two contour plots in the middle of the flow channel, which was consistent with the 
measurements of the centerline profile of the channel in Fig. 9 (b), can be explained by a number 
of factors.  Firstly, the simulation used here is only two-dimensional in nature and does not take 
into account the three-dimensional structure of the flow.  A three-dimensional simulation on a 
similar structure compared to the fabricated device shows that the average velocity decreases 
after the entrance followed by an increase leading back to the initial velocity at the exit, as was 
observed in the experiments and the two-dimensional simulation.  It should also be noted that the 
total range of velocities measured in the experimental setup were close to the resolution obtained 
by other authors for this measuring technique.12,13 Another source of the difference between  the 
measured and simulated velocity profiles stems from the fact that the laser beams are not all 
focused in the same plane, resulting in a slight depth offset when mapping the measurements.  
We expect that the use of a monolithic VCSEL array and a well aligned optical system will lead 
to an accurate measurement of the velocity profile for velocities that are within the resolution of 
a single channel of the measuring system.  Finally, the measurement error of the Doppler 
frequency increases significantly for very small velocities.39 
Although we have demonstrated the potential performance of the proposed imaging 
system with a small scale prototype, there are a number of issues which should be considered for 
the construction of a massive scaled up version of the system.  Firstly, the diameters of the TO-
46 packages used in the experimental setup were 5.4 mm, which precludes miniaturization of the 
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system.  A monolithically integrated VCSEL array with pitch spacing of 250 µm between 
devices will represent an attractive alternative for the design of miniaturized VCSEL system. 
The scaled up version of the parallel VCSEL based imaging system also poses a problem 
of real-time individual channel signal processing, since the number of operations required per 
second is hardly possible with a single central processor unit.  To counter this problem, a number 
of parallel processors can be implemented with electronic circuits, such as the field-
programmable gate array (FPGA) platform described by Zhu et al for a 256×256 laser Doppler 
blood flow camera,40 although this would come at the expense of an increased circuit size and 
complex layout.  However, the physical size of the circuit and layout can be reduced with the use 
of Very Large Scale Integration (VLSI) or Ultra Large Scale Integration (ULSI) technology. 
The circuit size can also be reduced by employing multiplexing in the system so that only 
a small number of channels are read in at the same time.  However, this method is another form 
of scanning.  Instead of the laser beam being mechanically guided towards different parts of the 
object it is electrically guided by the switching circuit or multiplexing operation.  The maximum 
frame rate and SNR will also be reduced compared to a completely parallel system but will still 
be greater than that achievable with single point scanning.  Therefore, it is desirable to have 
individual driving, receiving and processing circuits for each channel to obtain the maximum 
frame rate and SNR for the proposed imaging system. 
6. Conclusions 
In this paper, we have proposed and analyzed a parallel imaging system using the self-mixing 
effect in a VCSELs array.  The system can be used to accurately monitor rapid variations in the 
surface profiles of displacement, distance, velocity and liquid flow rate.  We demonstrated, for 
the first time, the feasibility and potential of the proposed system by measuring the velocity 
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profiles of a rotating disk and a custom built flow channel using a small-scale prototype.  
Potential issues related to the construction and performance of a massive scaled up version of the 
system have also been discussed.  The proposed imaging system demonstrated in this paper is 
envisaged to be useful in many industrial and biomedical applications, where remote real-time 
surface profiling, vibrometry and velocimetry/flowmetry are required. 
The authors would like to thank Dr. Peter Jacobs (Department of Mechanical 
Engineering, The University of Queensland) for advice on the design of the flow channel and 
Keith Lane (School of Information Technology and Electrical Engineering, The University of 
Queensland) for the construction of the flow channel. 
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